We study the Glashow resonanceνe + e − → W − → hadrons at 6.3 PeV as diagnostic of the production processes of ultra-high energy neutrinos. The focus lies on describing the physics of neutrino production from pion decay as accurate as possible by including the kinematics of weak decays and Monte Carlo simulations of pp and pγ interactions. We discuss optically thick (to photohadronic interactions) sources, sources of cosmic ray nuclei, and muon damped sources. Even in the proposed upgrade IceCube-Gen2, a discrimination of scenarios such as pp versus pγ is extremely challenging under realistic assumptions. Nonetheless, the Glashow resonance can serve as a smoking gun signature of neutrino production from photohadronic (Aγ) interactions of heavier nuclei, as the expected Glashow event rate exceeds that of pp interactions. We finally quantify the exposures for which the non-observation of Glashow events exerts pressure on certain scenarios.
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I. INTRODUCTION
The evidence for high-energy neutrinos from space in the IceCube experiment [1] has opened a new window into the Universe from the perspective of a different messenger. While the origin of these neutrinos is still debated, it seems unlikely that a single class of conventional sources, such as Active Galactic Nuclei (AGN) blazars [2, 3] , Gamma-Ray Bursts (GRBs) [4, 5] , or starburst galaxies [6, 7] can power the observed diffuse flux on their own, unless the sources are hidden, such as collimated jets inside stars [8] . It therefore is also important to study conceptual arguments, related to the spectral shape (such as the power law index), see e.g. Refs. [9] [10] [11] for different data analyses, and the flavor composition [10] of astrophysical neutrinos. Other currently debated issues are the possible contribution from a (possibly softer) galactic component especially in the Southern hemisphere [12, 13] , and a possible hardening of the spectrum at high energies [3] .
Since the current information is inclusive, new generic diagnostic tools are needed to identify the source class. One example are damped muons in the pion decay chain [14, 15] , which is typically found for strong magnetic fields B 10 3 G [16, 17] . Another example, which we focus on in this study, is the Glashow resonance event rate as an indicator for the electron antineutrino contribution to the total flux. The Glashow resonance com-monly refers to resonant scatteringν e + e − → W − → anything at E ν 6.3 PeV [18, 19] . Note that this process is unique forν e , as the interaction rate of ν e , ν µ , ν τ ,ν µ ,ν τ with electrons is negligible compared to interactions with nucleons. The Glashow resonance has been widely studied from the viewpoint of the predicted event rate and discrimination power for pp versus pγ interactions [16, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] , which are generic source classes indicative for e.g. starburst galaxies (pp) versus AGNs/GRBs (pγ). While the discrimination between pp and pγ sources seems unlikely in the current IceCube experiment, there are plans for a volume upgrade IceCubeGen2 [30] and a large experiment in sea water, called KM3NeT-ARCA [31] , which may be capable to perform this measurement.
In this study, we evaluate realistic subtleties in the cosmic production of neutrino flavor fluxes to determine the power of Glashow events at 6.3 PeV to discriminate among the most popular source models. We describe the current (simplified) paradigms for neutrino production, propagation, and (Glashow) detection in Section II. In Section III, we include the kinematics of the secondary decays, and we test the production paradigms using hadronic Monte Carlo event generators for pp and pγ interactions. Section IV discusses optically thick sources, sources of heavier nuclei, and damped muon sources. We finally interpret the non-observation of Glashow events in Section V and conclude in Section VI. Details on spectrum weighted moments of neutrinos and pions, the effect of K mesons, and the cross check with IceCube effective areas can be found in the Appendix.
II. FLAVOR AND NEUTRINO-ANTINEUTRINO COMPOSITION
Here we discuss the flavor and neutrino-antineutrino composition of the astrophysical neutrinos under somewhat idealized conditions, which correspond to the stateof-the-art in a large portion of the current literature, and we present our methods. We split this discussion into source, propagation, detection, and methods.
A. Composition at the Source
The signal forν e at the Glashow resonance, normalized to the total ν +ν flux, can be used to differentiate among the main primary mechanisms for neutrino-producing interactions in optically thin sources of cosmic rays [20] . For example, in idealized pγ interactions, the process p + γ → ∆ + → π + + n 1/3 of all cases π 0 + p 2/3 of all cases (1) will lead, after pion decay
to a neutrino population with N νµ = Nν µ = N νe Nν e (referred to as the "π + mode"). For the pp collision mechanism, a nearly isotopically neutral mix of pions is expected from isospin invariance 
As a result, a neutrino population with the ratio 2N νµ = 2Nν µ = N νe = Nν e is expected (referred to as the "π ± mode"). Note that these estimates do not include the kinematics of pion and muon decays.
Other popular source models include muon damping, which means that the muons lose energy by synchrotron or adiabatic losses faster than they can decay. These modes are pp → π ± pairs → ν µ ,ν µ only, referred to as the "damped µ ± mode", and pγ → π + → ν µ only, referred to as the "damped µ + mode". We show the flavor composition at the source for the popular production modes in the second column of Tab. I, and we defer the discussion of the muon damping in greater detail to a later section.
Another production scenario is neutron decay into a pureν e beam [32] , which is outside the notion of the pion decay scenario discussed here. The large value of Earthlyν e in this case implies a large rate of Glashow events, that are not observed. Although neutrons are produced in all hadronic interactions (pp and pγ), the anti-neutrino from its decay receives kinematically a very small energy fraction. These energies are typically much smaller than the Glashow energy, see Ref. [16] . In the following we will not consider pure neutron decay any further.
All in all, the approximate results presented in this section must be treated as suggestive. It is the purpose of this paper to confront idealized fluxes with a more realistic modeling. For example, it has been shown in Refs. [16, 33] , that multi-pion contributions can ameliorate the Glashow event rate difference between these two models. For certain source parameters, the "contamination" from multi-pion processes can be large [34] . In addition, muon damping at the sources is possible; it may be complete damping or partial (incomplete). Finally, there is the effect of kaon production and decay on source neutrino flavor ratios; we show below that the effect is small in the energy range of interest [16, 33] .
B. Propagation Effects
Here we discuss the propagation from source to detector from flavor mixing, using the idealized assumptions for the neutrino production described above, and tri-bimaximal values for the neutrino mixing angles; we refer to the mixing effects with the prefix "TBM". Note that in Section III and later, we will however include the kinematics of muon and pion decays to define our ideal pp and ideal pγ sources. We follow Refs. [35, 36] here and take the tri-bimaximal mixing model [37, 38] as a good approximation for the flavor mixing. Then, the evolution ν α → ν β , with α and β any elements of the three-flavor set {e, µ, τ }, is described in terms of the PMNS matrix U by the symmetric propagation matrix P. Let the general flavor composition at the source be denoted by (φ e : φ µ : φ τ ) and at the detector by (φ 
Over large astronomical distances, the oscillating interference terms average out, and one obtains a (3-flavor×3-flavor) probability matrix
In the TBM model, the probability elements are given by
The identical nature of the 2nd and 3rd rows/columns of P TBM reflects the µ-τ symmetry, which results from the TBM assumption of a maximal θ 32 and zero θ 13 . The symmetry means that muon and tau neutrinos arrive at Earth with the same equilibrated probability regardless of their original ratio, i.e., φ f µ = φ f τ . The Earthly flavor composition for the popular production scenarios can be found in the third column of Tab. I.
Note that tau neutrinos are not expected at the source in the pion production scenarios, i.e., φ τ = 0, because the charged partner τ ± has a mass much larger than the pion mass. As a result, we obtain [35, 36] The rate of resonant Glashow events is directly proportional to theν e content in the neutrino flux at the detector, whereas the rate of neighboring continuum events is proportional to the whole neutrino flux. It is therefore useful to introduce the quantity ξν as the fraction of antineutrinos of flavor at the source
taking into account neutrinos and antineutrinos separately, and assuming that φ τ = φτ = 0. The corresponding quantity ξ f ν at the detector includes flavor mixing, i.e.,
where φ f 3f denotes the all-flavor flux. Similar quantities can be defined for any flavor and polarity.
For the charged pion decay chains, we immediately find from Eq. (6)
We observe from the ratio of the two processes that the π − decay chain yields 7/2 times more Earthlyν e than the π + decay chain. From a different perspective, the Glashow event rate from the π + decay chain is potentially contaminated by π − production (if present at the source), namely ∼ 7/2 times the fraction π − /π + . From Eq. (6) 
for the TBM scenario. From this equation one can see the importance of muon antineutrinos to correctly evaluate the fraction ofν e after the oscillations. The Earthlȳ ν e fraction for the popular production scenarios can be found in the fourth column of Tab. I. To be more precise in terms of the mixing angles, one can express [39] 
in terms of the flavor composition at the source. This is an improvement on the TBM approximation used before, since it takes into account that the mixing angle θ 13 = 0.
Moreover it permits to add easily the uncertainties related to the oscillation parameters. The two parameters in this formula are given by
0.000 ± 0.029 for current data [40] and they represent an average between what is expected for normal and inverted mass ordering. The uncertainty on ξ f νe can be estimated by adding the errors of the individual parameters in quadrature, i.e., ∆ξ f νe
This is a simplified procedure that permits to include the uncertainties due to oscillations in an analytical manner and it should be sufficiently accurate for our purpose.
C. Glashow Event Rate
The signal obtained from the W − decay can either be a cascade with deposited energy around 6.3 PeV (hadronic), a cascade with a lower deposited energy (leptonic), or a muon track with a lower energy (leptonic). Since a leptonic event necessarily includes an energy loss to an escaping neutrino, it cannot be distinguished from a non-resonant event at a lower energy. Consequently, we focus on the hadronic scenario. The resonant cross section forν e + e − → W − → hadrons is
where M W is the W mass (80. 
Consequently, the resonant cross section may be written as
The W width is small compared to the W mass (Γ W /M W = 2.6%), and the experimental resolution will always exceed the W width by far. Thus, we can use the "narrow width approximation" (NWA), which is simply
λν e ∼ 1 n e σ 
The width in E ν , and therefore the bulk of the absorption, extends from 6.3 PeV to ±(2Γ W )/M W E ν , the latter equals to ±0.3 PeV. This short mfp, traceable to the large resonance cross section, tells us that theν e absorption by Earth matter at the Glashow energy of 6.3 PeV is considerable. Using the Sagitta relationship between the depth z of IceCube and the length of the horizontal burden h, h = 2R ⊕ z, one finds an h of 113-160 km for the IceCube depth 1-2 km, well matched to theν e mfp. The absence of significant overburden, the relatively short mfp of Glashowν e 's, and the large solid angle imply that the Glashow events come mainly from horizontal directions. The number of Glashow events can be calculated as
where the all-flavor flux φ
, T is the observation time, and A G eff is the neutrino effective area for the Glashow events. IceCube has published effective areas for e, µ and τ flavors, averaged over the neutrino and antineutrino contributions. From these one may obtain the effective area for resonance production ofν e by A G eff = 2 (A e eff − A τ eff ), since the ν e and ν τ have similar effective areas except for theν e resonant contribution; the full explanation is reported in Appendix C. Note that the effective area includes the absorption of upgoing events; for details, see also Appendix C. The Glashow event rate can be interpreted as Poissonian distributed model indicator, where we assume that the energy of the hadronic cascade produced by the decay of the W − boson is entirely detectable, i.e., the energy reconstruction is 100% efficient and basically no contamination from ordinary deep inelastic scattering processes is expected.
The three-flavor neutrino flux φ f 3f at the detector is usually given in the form (20) in terms of two parameters: φ 0 is the normalization of the flux at E 0 = 100 TeV and α > 0 is the differential spectral index. We will give the values of φ 0 of the different datasets in the following.
Since the flux of neutrinos is fitted by a power law and the Glashow resonance cross section is approximately a Dirac δ-function, it is possible to derive a useful analytical expression for the expected number of events N G as
where E * = 6.32 PeV. We find numerically, around the Glashow resonance,
where T exp is the exposure in units of years using the present effective area of the completed IceCube detector provided in Ref. [41] . This means, one year of IC86 operation corresponds to T exp = 1, and at present, the exposure can be estimated to be T exp 4. We refer to T exp as "IC86 equivalent exposure" in the following.
D. Methods
Using the "IC86 equivalent exposure" T exp in Eq. (21), we evaluate the expected number of events and their uncertainties (assumed to be statistics-limited). This procedure allows to extrapolate our results easily to the nextgeneration detectors, such as IceCube-Gen2. Indeed this detector should have an exposure from 5 to 12 times greater than IC86 (see Fig. 10 of Ref. [30] ), which means that about 50-120 years of IC86 equivalent exposure can be accumulated after ten years of Gen2 operation. Note that the precise exposure will depend on the currently ongoing detector optimization; we therefore show this range in our figures. Moreover, note that the required exposures for different spectral indices can be found by using Eq. (21), but the normalization φ 0 has to be known; see e.g. Fig. 1 of Ref. [10] for the correlation between the spectral index and the normalization.
The Through-going muon analysis indicates a spectral index α 2 [9, 11] . Under the hypothesis of the pion decay chain, which approximately gives flavor equipartition after flavor mixing, one obtains the all-flavor flux by multiplying the muon neutrino flux by a factor three. Since the spectral index slightly changes at each analysis we assume α = 2, that is also expected from simplest shock acceleration of the primaries. From Fig. 6 of Ref. [11] it is possible to estimate the all flavor normalization at 100 TeV of the φ νµ + φν µ flux for α = 2, which is φ 0 2. In this case the expected number of events are about 0.35 and 0.17 per year for the reference pp and pγ scenarios, respectively. Different analyses of the astrophysical neutrinos, however, yield different results.
Using the best-fit of the high-energy starting events (HESE) [10] , one finds φ 0 = 6.7 and α = 2.5. Here the expected number of Glashow resonance events is reduced by a factor 2.5, which can be obtained from Eq. (21) .
In the figures of this study we always use the hard flux obtained from the Through-going muon events, with a spectral index α 2. Note that the hard spectrum, suggested by Through-going muons, is in contradiction with the softer spectrum suggested by the global analysis of HESE. It is plausible that at low energy a Galactic component, mainly seen from the Southern hemisphere due to the position of the Earth in the Galaxy, can increase the spectral index up to the observed E −2.5 , whereas at high energy, the extragalactic component is predominant and the spectrum becomes harder ∼ E −2 [12, 13] . Moreover, the E −2 spectrum is perfectly compatible with the current observation of three events above 1 PeV, and a spectral hardening at higher energies is currently investigated by the IceCube collaboration [3] . We will in some cases also refer to the HESE best-fit flux for completeness. Note again that the required IC86 equivalent exposure can be easily re-scaled for different datasets using Eq. (21) .
In order to study different scenarios, we will typically assume that the spectral index follows observations, but we take the flavor and neutrino-antineutrino compositions at the source from specific model predictions. From the model perspective, this procedure is strictly speaking inconsistent, as one would like to describe (fit) spectrum and flavor composition at the same time. On the other hand, the pion spectrum in photohadronic models depends on the shape of the target photon spectrum. Therefore, in general one can not expect a simple power law that can be easily compared to existing experimental results. We nevertheless selected examples where the spectral shape matches the characteristics of available data, such that they can be compared with certain source "prototypes". For example, sources with strong magnetic fields will suffer from muon damping at the highest energies, and sources with high photon densities from optical thickness to photohadronic interactions.
Since viable models exist for Gamma-Ray Bursts (GRBs) which can predict the flavor composition and neutrino-antineutrino composition, we have chosen these in some cases. Although long-duration GRBs are ruled out as dominant contribution to the observed diffuse flux [4] , low-luminosity or hidden GRBs are possible candidates [42] [43] [44] . In addition, we expect similar characteristics for other event classes, such as tidal disruption events [45, 46] .
III. RESULTS FOR STANDARD SCENARIOS
This section contains the results for the ideal pp and pγ scenarios, which include realistic decay kinematics of the pion and muon decays and the mixing angles for flavor mixing. We also compare with results from Monte Carlo simulations of charged pion production. (3) without taking into account the secondary decay kinematics, whereas"ideal" refers to taking into account the pion/muon decay kinematics for power law spectra (but no deviations from the reference π + /π − ratio at the source). In order to define our ideal pp and ideal pγ scenarios we continue to use pion production according to Eq. (1) and Eq. (3). However, in addition to the reference models, we take into account the energy distributions from pion and muon decays assuming a power law pion spectrum, and we include realistic flavor mixing using the mixing angles in Ref. [40] . Note that the power law index of pions follows that of the protons in the pp case, while it depends on the target photon spectrum for pγ interactions in general. For power law spectra, we can quantify the effect of the pion and muon decay kinematics with spectrum weighted moments, so-called Z factors [47] , see Appendix A. Since the energy distribution of the three daughter neutrinos is not the same because the ν µ are produced in two body decays, whereas the other neutrinos are produced in three body decays, we expect small deviations from the above reference compositions. The results for the ideal pp and pγ scenarios are shown in Tab. II as a function of the spectral index (of the pions) α. From the table we notice that especially for softer spectral indices the flavor composition of ideal pγ sources differs from the reference case by up to 30% (for ξ νµ ) due to kinematics.
Let us now introduce our concept of exposure using very simple examples, and consider the ideal pp and pγ cases only. We show in Fig. 1 the expected number of Glashow events in the ideal scenarios as a function of the exposure, where the bands illustrate the statistical (Poissonian) error δ s in combination with the error on the oscillation parameters δ p at the 90% C.L. The error from flavor mixing is small presently (about 10%) and will become negligible with improving oscillation parameters in the next generation of detectors. We assume that their relative error scales ∝ 1/ √ T with exposure. The total error δ is obtained as δ = δ 2 s + δ 2 p . In the left panel of Fig. 1 , it is assumed that the true source (data) is an ideal pp source. In that case, the shaded region determines the error, and that region separates from the solid pγ curve for T exp 30 (see vertical line). This means that the ideal pγ source can be excluded after this exposure, which is clearly beyond IC86, but well within the reach of IceCube-Gen2 (compare to arrows). If the true source is an ideal pγ source, only 15 equivalent years of exposure are needed, as it is illustrated in the right panel of Fig. 1 . We will use similar representations for less trivial examples in the following, where we typically show the shaded region for one curve only. Note, however, the exposure required to discriminate among scenarios depends on the combination of the true scenario at the source and the detected diffuse flux at Earth.
B. Monte Carlo modeling of interactions
So far, we have included the kinematics of pion and muon decays assuming power-law pion spectra, but we have used the reference values for the π − /π + ratio for pp (ratio 1) and pγ (ratio 0) interactions from Eqs. (1) and (3). As we demonstrate, this result is not what we obtain from more realistic Monte Carlo simulations of the interactions.
For pp interactions in astrophysical densities, the spectral index of the secondary pions is equal to the projectile spectrum, since there is no absorption by the surrounding medium and the target particles are non-relativistic. The usual assumption of isospin symmetry, where π + , π − and π 0 are produced in equal quantities, does not hold in detailed Monte Carlo simulations when using highenergy hadronic interaction models Sibyll 2.3 [48, 49] , Epos-lhc [50] and Qgsjet-II-04 [51] . These predictive Monte Carlo models are widely used in simulations of cosmic ray interactions, minimum-bias and forward physics studies at the LHC [52] . Due to the power-law spectrum of the interacting nucleons, the secondary particles carrying a large fraction of the projectile's energy x 0.3 (in the projectile fragmentation zone), are important for the computation.
1 At typical energies of hundreds of PeV in our present kinematics, these large momentum fractions of secondaries mostly involve valence quark scatterings and their subsequent hadronization. Given u valence quark dominance in protons, one naturally expects π + /π − > 1 in the forward phase-space. Depending on the spectral index, that selects the relevant part of the particle production phase-space, the Z factors for pp collisions can substantially deviate from the prediction π − /π + 1, whereas the kinematics of the pion and muon decays alleviates the problem somewhat. At the end, the difference compared to the reference pp case is up to 16% (α = 2), 22% (α = 2.3), and 30% (α = 2.6).
We discuss this issue in detail in Appendix A. Note that in the following, we will only show the pp curve including the Monte Carlo simulation, where the result hardly depends on which of the three Monte Carlo event rate generator is used. For a discussion of the effect of kaons, which is however small, see Appendix B. Photohadronic interactions do not only include the ∆-resonance in Eq. (1), but also direct (t-channel) pion production, higher resonances, and high-energy multipion processes [53] -especially the latter lead to almost π − /π + 1; see e.g. Refs. [34, 54] for an illustration of the individual contributions. Since these processes lead to π − production as well, an intrinsic contamination with π − is expected. This contamination depends on the target photon spectrum, and can lead to aν e /ν e ratio at the source of about 25%-50% (AGNs/GRBs) to 100% (10 eV thermal target photon spectrum); see Fig. 10 in Ref. [34] .
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As an additional complication, since the pion spectrum depends on the photon spectrum and is, in general, not a simple power law, the pion and muon decays have in this case been computed numerically taking into account the re-distribution functions of the secondaries [55] .
Here we pick two representative examples in the middle of extremes. In Ref. [16] , the target photons are assumed to be generated by the synchrotron radiation of co-accelerated electrons, which is a typical assumption for AGNs. This model has been fit to IceCube data in Ref. [56] , where it has been demonstrated that the indication for a cutoff at PeV energies can be interpreted in terms of a limited maximal proton energy or strong magnetic field effects. We pick one benchmark point (TP8, size of acceleration region R 10 19 km, B 10 −6 G) from that scenario with a sufficiently large proton energy to allow for Glashow resonant events, which at the same time implies that photohadronic contaminations cannot be avoided because of the high available center-of-mass energies. The parameters for this benchmark correspond to the scale of galaxy clusters, and the predicted flavor composition (ξ νe : ξ νµ : ξ ντ : ξν e : ξν µ : ξν τ ) at the source that is equal to (0.27 : 0.32 : 0 : 0.09 : 0.32 : 0). As an alternative, we present a GRB example [17, 57] representative for sources with stronger magnetic fields. Here the parameters have been chosen not to be in the muon damped regime at the Glashow resonance 3 -a case which we discuss below; the flavor composition at the source is (0.27 : 0.31 : 0 : 0.09 : 0.33 : 0).
In Fig. 2 we show a comparison among the Monte Carlo results and the ideal pγ case. The two pγ examples are, in spite of very different astrophysical envi- Fig. 1 demonstrating the impact of contaminations from Monte Carlo event generators for the pion production. The different curves show the ideal pγ case, pp and pγ scenarios from Monte Carlo simulations of the interactions with Sibyll, Epos-lhc or Qgsjet for pp (yielding similar results), and Sophia for pγ. For the pγ interactions, a GRB target photon spectrum with spectral indices −1 and −2 and a break at 1 keV (shock rest frame) has been assumed (red curve), as well as a synchrotron target photon spectrum from co-accelerated electrons (cluster scales with R 10 19 km, B 10 −6 G, green curve).
FIG. 2: Same as
ronments, very similar in this case. The discrimination from the pp sources requires about 120 equivalent years of exposure, which is at the upper end of the expected 10yr exposure of IceCube-Gen2, and therefore challenging. In fact, one sees that the ideal pγ case can be excluded already after 81 equivalent years. Note, however, that the pγ prediction depends on the model parameters, and even within the model in Ref. [16] a wide range of possibilities is predicted. The contamination from multipion processes seems to depend on the maximal proton energy, as higher proton energies allow for higher centerof-mass energies, where multi-pion processes dominate. The fact that we need to have neutrinos at 6.3 PeV implies that the proton energy has to be at least around 120 PeV. We observe that sources which produce neutrinos with Glashow resonance energies tend to have large multi-pion contributions, and the chosen contaminations are representative. We will henceforth use the GRB case as prototype for the pγ source.
IV. IMPACT OF SOURCE CONDITIONS
In this section we demonstrate how the source conditions can affect the Glashow event rate, and whether different scenarios can be discriminated based on the Glashow resonance only. Examples are optically thick (to photohadronic interactions) sources, sources of heavier nuclei as primaries for the neutrino production, and sources with strong magnetic fields leading to muon damping at the Glashow resonance.
A. Optically thick sources
From Eq. (1), it is obvious that photohadronic interactions will produce neutrons. If the source is optically thick to photohadronic interactions, i.e., τ pγ ≡ d /λ mfp 1, where d is the shell thickness (source size) and λ mfp the mean free path (shock rest frame), the nucleons will interact multiple times before leaving the source. The leading ∆-resonance for neutrons is isospinsymmetric to protons
which means that π − are pre-dominantly produced instead of π + . In the optically thick case, one roughly expects a neutron energy spectrum which is about 1/3 (branching ratio) times 0.8 (fraction of primary energy deposited into the secondary nucleon) 30% that of the inital proton spectrum, with a corresponding fraction of π − contamination at the highest energy. We use the GRB example from the previous subsection to demonstrate the effects of optical thickness, where τ pγ is evaluated at the maximal proton energy; see Ref. [58] for a discussion on the impact of the optical thickness. However, we update this simulation with an explicit treatment of the coupled proton-neutron system, i.e., we solve the coupled time-dependent partial differential equation system; details are presented in Refs. [59, 60] . An increasing optical thickness in this model is obtained by increasing L γ . Note that while the observed GRBs may not be powering the diffuse neutrino flux, similar conclusions will apply to AGNs and other optically thick sources. We present the neutron to proton ratio as a function of (observed) energy in Fig. 3 , right panel, for different luminosities. In the saturation case (highest energy), we find about the expected 30% neutron contamination.
In the left panel of Fig. 3 , we show that the expected Glashow event number, i.e., the fraction ofν e after mixing, increases with optical thickness. This is supported by the right panel of Fig. 3 . Since this causes a significant contamination by π − , the difference between the pp and pγ mechanisms is reduced, making it harder to distinguish among them. Not even an equivalent exposure of 150 years is sufficient to distinguish between a pp source and a pγ source in which a strong optical thickness is present. The fraction ofν e is about 10% more in the case of large optical thickness with respect to the standard pγ case. This is sufficient to reduce the difference between pγ and pp mechanism and to significantly increase the required exposure to distinguish among them; this makes the discrimination from a pp source impossible, even with a next generation detector.
B. Heavy nuclei primaries
The nuclear composition of the primaries leading to the observed neutrino flux is highly uncertain. For example, the observed cosmic ray composition non-trivially changes as a function of energy in the relevant primary energy range, see e.g. Ref. [61] . Thus, neutrinos from cosmic ray interactions in our galaxy would carry the composition information as a spectral imprint [62] . Furthermore, ultra-high energy cosmic ray observations by Auger indicate a composition significantly heavier than protons at the highest energies [63] . It is therefore possible that a part of the diffuse neutrino flux comes from interactions of heavier nuclei.
We simulate the nuclear cascade in the GRB case following Ref. [59] . The implications for the Glashow resonance are shown in Fig. 4 with injection of either protons, 28 Si, or 56 Fe only. We again choose parameters such that muon damping does not occur at the Glashow resonance. Note that the proton case is slightly different compared to the standard pγ case, because it is obtained considering a GRB with a luminosity of L = 10 52 erg/s and t = 0.1 s.
As one important observation, nuclear disintegration of heavy nuclei leads to emission of light fragments, mostly protons and neutrons. These can contribute to the neutrino production similar to the primary nuclei [64] . The ratio between neutrons and protons is approximately determined by the neutron-proton ratio of the primary nucleus, since at high energies neutrons don't decay inside the source, see right panel. Note that in the chosen example the neutrino production is dominated by the secondary protons and neutrons [60] , whereas for smaller luminosities the photo-meson production off heavier nuclei can dominate. We therefore show in the right panel of Fig. 4 the neutron to proton ratio produced by the disintegration of nuclei. For iron and silicon, the expected signal is larger than in the pp scenario. This is due to the fact that these isotopes are neutron-rich (see right panel of Fig. 4 ) and, as a consequence, the source contains more π − from the process Eq. (22) . This is confirmed by the flavor composition at the source, that is almost the same for iron and silicon, namely (0.18 : 0.32 : 0 : 0.18 : 0.32 : 0). Obviously, in this case there is no possibility to distinguish between pp and Aγ even if the exposure is huge.
It is however very interesting to observe that the Aγ scenarios can, almost independent of the composition (for A ≥ 2), be ruled out after about 95 equivalent years for a proton composition, what is potentially within the reach of IceCube-Gen2. In the inverted case of an Aγ source, the expected exposure to rule out protons is larger (124 equivalent years). If the source is known to have high radiation densities such that photohadronic interactions dominate, one can therefore use the Glashow resonance as a smoking gun signature for primary nuclei. Note that the scenario "Protons" in Fig. 4 is not exactly the same as our standard pγ scenario, as the optical thickness is slightly higher.
C. Muon damped sources
The proper lifetime of charged pions is by a factor of 85 shorter compared to muons. One can therefore construct source classes in which muons lose a large fraction of their energy (e.g. via synchrotron cooling) before they can decay, whereas the pion flux is not yet attenuated [14-16, 33, 55, 65] . The damped µ + mode in pγ interactions can occur in sources with high radiation densities and, consequently, high magnetic fields. Examples for such astrophysical source candidates are GRBs, microquasars [65] , and tidal disruption flares [45, 46] .
In the damped µ + mode, only ν µ are produced at the source by
This means that no antineutrinos are produced at all, including noν e 's. In the presence of a π − contamination, one has
and therefore a potentially large effect on the rate of the Glashow events in the damped muon case.
We illustrate the impact of the muon damping in Fig. 5 , right panel, for two different parameter sets for protons and iron. 4 In this scenario, it is important to evaluate the amount of π − , because if there are no π − , noν will be produced and the signal expected at Glashow resonance would be null. Anyway, in the above sections we pointed out that pγ without π − is not a realistic case, so also in the muon damped case there will be a significant fraction ofν e after flavor mixing. In Fig. 5 , we can see a comparison between the expected signal for protons and iron in a muon damped scenario. For protons the situation is not so different from the ideal pγ scenario, whereas for iron the situation is more similar to the pp scenario, due to the intrinsic presence of neutrons (i.e., π − ) at the source. Very interestingly, the relative distance between Aγ and pγ hardly changes compared to the full pion decay chain, and about 115 times the yearly IC86 exposure is required to discriminate Aγ from pγ. In that case, one would however need additional observables (such as the flavor composition) to establish the muon damping (which is plausible for IceCube-Gen2, see Fig. 3 in Ref. [66] ). 
D. Scenario discrimination
We summarize the discrimination power among different scenarios in terms of the IC86 equivalent exposure in Tab. III for two spectral indices of the observed diffuse flux. This table illustrates that (i) IC86 has absolutely no chance to use the Glashow resonance for source diagnostics within ten years, (ii) IceCube-Gen2 can potentially discriminate many scenarios if the observed neutrino spectrum is hard enough, and (iii) this result depends very much on the spectral index of the observed spectrum (compare number of bold entries in left and right panels). Note again that there is a slight asymmetry between theory and data. The table also suggests that discrimination between the conventional pp and pγ scenarios including realistic assumptions for the source will be extremely challenging, even for IceCube-Gen2, while the discrimination between the pγ and Aγ production mechanisms may actually be the most interesting application (note that the pγ scenario here is slightly different from Fig. 4 ).
V. INTERPRETATION OF NON-OBSERVATION OF GLASHOW EVENTS
It is a frequently asked question what the nonobservation of Glashow events actually means, and when conventional scenarios get under tension. From our figures one can extract the number of years needed to exclude zero events by looking for the T exp value where the low edge of the shaded region exceeds zero events. This approach would be roughly consistent with the FeldmanCousins approach [67] , where 2.44 events are needed to obtain a 90% C.L. exclusion limit for the theory in case of of zero detected events with zero background (here the role of theory and data is exchanged).
We show in Tab. IV the required IC86 equivalent exposure of IC86 to exclude zero events at the 90% confidence level. In the table different spectral indices and normalizations (Global fit and Through-going muons) are used. We find that the iron and pp scenario should produce a non-zero event rate under the hypothesis of a hard spectrum, whereas the non-observation of events in IC86 becomes not indicative if the true spectrum is softer. Very important information will therefore come from the better determination of the diffuse spectrum. The only case which IC86 alone can possibly exclude are heavier nuclei primaries for Aγ interactions within about 16 years of operation even in the worst case assumption for the spectral index.
VI. SUMMARY AND CONCLUSIONS
We have discussed the potential of Glashow resonant events, sensitive toν e at the detector, as a discriminator among generic scenarios for the astrophysical neutrino production. We have included realistic flavor mixing (and its uncertainties), the kinematics of the secondary (muon, pion) decays, and used Monte Carlo event generators to model pp (Sibyll 2.3, Epos-lhc and Qgsjet-II-04) and pγ (Sophia) interactions. We have also studied the optically thick (to photohadronic interactions) case, Aγ interactions for neutrino production from nuclei, and damped muon sources. III: IC86 equivalent exposure required to distinguish between different scenarios at the 90% C.L., considering two spectral indices of the detected astrophysical neutrino flux. If the required exposure is greater than few hundred years, the symbol "∞" is used. IceCube-Gen2 potentially accessible exposures are in bold (less than 120 equivalent years). With "Damped µ", we denote the proton damped µ scenario, whereas with "optically thick", we refer to the pγ scenario (protons, not heavy nuclei) with L = 10 53 erg/s. Note that the pγ scenario is slightly different from the "Protons" scenario used in Fig. 4 . The often used reference assumption of equal production of π + and π − for pp sources only holds if the spectral index 2, whereas softer spectra lead to significant deviations of the electron antineutrino faction of up to 30%. For pγ interactions, it is well known that multi-pion and other processes lead to a contamination of π − , leading to sources more similar to pp than the reference production scenario using the ∆-resonance approximation. We have demonstrated that the discrimination between the pp and pγ mechanisms in the source becomes extremely challenging, even for IceCube-Gen2 and hard spectral indices, if realistic assumptions for the neutrino production are included.
As far as different source conditions are concerned, optically thick (to photohadronic interactions) sources will lead to an enhancement of neutrons in the source, which will prohibit any discrimination power from pp. If heavier (than protons) nuclei are the neutrino primaries, photohadronic Aγ interactions will produce similar results to pp interactions with even somewhat larger Glashow rates, as nuclei typically carry more neutrons than protons, enhancing the π − production. Very interestingly, the Glashow resonance can be used to discriminate between pγ and Aγ interactions, and may therefore be the smoking gun signature for heavier nuclei in the sources. This interpretation has to rely on the assumption that the radiation density in the sources, typically known for specific source classes (such as AGNs or GRBs) must be high enough such that photohadronic interactions dominate over pp or Ap interactions.
The discrimination power among different scenarios is addressed in Tab. III, which clearly depends on the spectral index of the diffuse neutrino flux. For α 2, many scenarios can be discriminated against each other with IceCube-Gen2, while for α 2.5 only few scenarios can be discriminated. Finally, we have demonstrated that the non-observation of Glashow resonance events will exert pressure on almost all (including pγ) scenarios if α 2, which means that the observation of at least one Glashow resonant event is likely after 10 years of operation of IC86 if the spectrum turns out to be hard (or there is a spectral hardening). A non-observation in that case may be, for example, interpreted as the effect of muon damping, and may be indicative for a source class with strong magnetic fields.
We have also demonstrated that the only case in which the Glashow events rate is expected in IC86 within about 16 years -almost independent of the spectral indexis the neutrino production off nuclei. Therefore, the Glashow resonance is a uniquely different way to probe the cosmic ray composition. For example, the nonobservation of Glashow events in IceCube contradicts a primary composition of pure iron at an energy of about 7 EeV, meaning that a possible iron population of UHECRs at that energy would come from different sources than the neutrinos. This result hardly depends on the cosmic ray composition for nuclei heavier than protons, as neutrons in the nuclei are much more efficient in production Glashow resonant events -as long as the neutrons do not have time to decay (which would enhance the protons compared to the neutrons again). The neutrino diagnostics for neutrino production off heavy nuclei may therefore be the key application of the Glashow resonance.
We conclude that reasonable applications of the Glashow resonance presumably lie beyond existing technology. However, we have demonstrated that IceCubeGen2 potentially has enough exposure to discriminate among different scenarios. For photohadronic interactions, the Glashow resonance may be a unique way to discriminate protons from heavier nuclei in the sources. ble V lists Z factors of the pions from pp interaction; they are obtained from running the hadronic interaction models Sibyll 2.3 [48, 49] , Epos-lhc [50] and Qgsjet-II-04 [51] , where the target proton is assumed to be at rest, while the projectile has an energy of 100 PeV (remember that the mean energy of a neutrino is about 5% of the energy of the proton, so this is the right energy to consider for the Glashow resonance). The values shown in the table are the mean values obtained with the three models and the uncertainties are the standard deviations. A realistic estimate of the pion charge ratio is simply the ratio of the corresponding Z factors. As listed in Tab. V, the charge ratio π + /π − can be very different (∼ 25%-45%) from the ideal condition π
0 , that is often used in the treatment of pp interactions. It is important to take into account this effect in order to make a precise estimation of the expected rate of Glashow events.
Neutrinos from pion decay
The energy distributions of neutrinos from pion decay dN (π → µν)/dx are reported in Ref. [69] and analytically obtained. Analogously to the approach in the previous section, one can define the decay Z factor (see Ref. [47] , also for a comparison of the values), e.g.
Branching ratios are included in the energy distributions. For more complex production channels one has to sum over the distributions of each decay channel times the branching ratio. The values obtained for different spectral indices are reported in Tab. VI. Using the Z factor 
where φ p is the flux of protons, φ is the flux of neutrinos of flavor , Z πν 1 µ is the muon neutrino (antineutrino) from π decay. Z πν 2 µ is the muon neutrino (antineutrino) and Z πνe the electron neutrino (antineutrino) from the subsequent µ decay. Note that this solution assumes that pions do not (re-)interact and that all pions and muons decay. Additional pion production by secondary neutrons is verified to be negligible for the calculation of flavor ratios. Let us remark that in the reference pp scenario Z pπ + = Z pπ − , whereas in the reference pγ scenario Z pπ − = 0; in the reference scenario it is therefore not important to know the exact value of Z pπ + because it cancels when the flavor ratio is calculated. : 0 : In Tab. VII the flavor composition from a realistic pp scenario is reported; the difference between the simplified flavor composition usually adopted can reach 30% with a high spectral index. In this section the effect of kaons is analyzed, showing that it is a second order effect that can be neglected. A general discussion relative to the contribution of kaons in pp interaction, not limited to the power law hypothesis, is done in [70] .
In the case of power law spectrum of primary protons and pp interaction, the contribution of kaons can be added using the following formulae:
The factors Z pK for α = 2.0, 2.3, 2.6 are Z pK + = (0.028, 0.014, 0.009) Z pK − = (0.018, 0.008, 0.004).
They are obtained by averaging over the values from Sibyll 2.3, Epos-lhc and Qgsjet-II-04; an asymmetry between the number of K + and K − is present, as in the pions. The Z Kν and Z Kµν are given in Ref. [47] for α = 2.0, 2.7, 3.7 and the values for α = 2.3 and α = 2.6 were found using a linear interpolation. The flavor composition hardly changes for the pγ case, in which we assume that no kaons are produced. This assumption is justified because the pγ process happens near the energy threshold of ∆ + production. In the case of pp interactions, the flavor composition slightly changes, as reported in Table VIII . Adding kaons increases the difference between the often used standard composition up to the level of 35%. Anyway, the main contribution is given by the asymmetry between the number of π + and the number of π − , that are not produced in equal number as usually assumed. The contribution of kaons is less relevant than the contributions given by Z factors Z pπ and Z πν . We find that from the Tab. VIII by looking at δ K that represents the deviation from the Monte Carlo cases of Tab. VII including the contribution of kaons.
Appendix C: Cross check with IceCube effective areas
A useful cross check of our calculation can be done by directly using the IceCube effective areas for the evaluation of the expected number of resonant events. The effective areas are provided for each flavor as averages of neutrino and antineutrino contributions.
The effective area of ν τ (A ντ ) is simply related to that of the deep inelastic scattering A DIS ,
On the other side, the effective area of ν e (A νe ) is the sum of two contributions, one from deep inelastic scattering and one from Glashow resonance (A G ), following the relation:
As remarked in Ref. [26] and in Fig. 7 of Ref. [1] the effective area of ν e contains an assumption on the fluxes of ν e andν e ; particularly it is considered that the flux of ν e andν e is the same after oscillations. This justifies the factor 1 2 , since onlyν e interacts via Glashow resonance. The only way to give effective areas that do not depend on the production mechanism is to provide four different effective areas (for ν e ,ν e , ν µ , ν τ ). Therefore the Glashow resonance effective area is approximately given by
because at high energies the effective areas of ν e and ν τ relative to the deep inelastic scattering are in good approximation equal each other. To evaluate the number of resonant events N , we can use the general formula
where ξ f νe depends on the production mechanism. This is the method given by the IceCube collaboration in Ref. [1] to correctly use the effective areas. Using the best fit value of the Through-going muon analysis, the number of events per year is equal to 0.52. The difference from the 0.35 events that we found for the pp mechanism is expected, since we only take into account the events that give rise to a signal around 6.3 PeV. Further, the effective areas do not contain information on the deposited energy from the neutrino interaction process, so it is only possible to obtain the total number of events produced at the Glashow resonance energy. However, about 34% of the events can deposit energy in the range between 0 and 6.3 PeV and it is impossible to distinguish those events from normal cascades by deep inelastic scattering. Only 64% of the events can deposit all energy as hadronic shower (see Ref. [26] for a detailed discussion). For this reason the above number must be multiplied by the branching ratio of W − → hadrons, resulting in our value of ∼ 0.35 events per year.
